This article proposes a quantitative approach in considering the effect of inter-vehicle communication with respect to safety and congestion improvement. For enhancing safety by reducing delay time for safe braking for individual vehicles, long distance inter-vehicle communication (LDIVC) is proposed. An equation is developed for calculating delay time from a micro view. For alleviating congestion in a simplified traffic network, which consists of a primary route with high capacity and an alternative route with low capacity, short distance inter-vehicle communication (SDIVC) is proposed. For evaluating traffic throughput comparatively a set of formulae are derived from a macro view.
Introduction
Surface transportation is of great importance not only for our daily lives, but also for national economic growth. Since the 1980s, national highway networks have already been established in most of the developed countries. However, with the increasing demand of surface transportation, safety of highway transportation and the throughput problems have become a major concern. Increase in the efficiency of highway management while maintaining a satisfactory safety level is desirable. Significant research has focused on implementation of intelligent transportation systems (ITS), which refers to the application of emerging information systems technologies, which address and alleviate transportation problems.
ITS integrates advanced computer, telecommunication and information technologies in vehicles, transportation networks and operational plans, in order to relieve traffic congestion, reduce journey times of travellers, improve safety, reduce atmospheric emissions and energy consumption and increase the productivity of transportation investment (Ran and Boyce, 1996) . Practical reasons dictate a focus on urban areas. The concept of automated highway system (AHS) is then developed from ITS, which is based on the idea that a proper integration of selected control and communication technologies on the vehicles and highway networks in urban area will produce great improvement both in capacity and safety without additional construction of highways (Tsao, Hall and Hongola, 1994) . Not only for ITS or AHS, the exchange of information either among vehicles, vehicle-to-road or vehicle-to-passenger is a major technical problem catching the attention of more and more researchers.
Inter-vehicle communication system (IVCS) started to attract great interest as a new hardware became available from early 1990s (Kremer, 1991; Aoki and Fujii, 1990; Kremer and Fasbender, 1991; Yashiro et al., 1993) . The primary goal of an early IVCS (Kremer, 1991) , is to support cooperative manoeuvres of interdependent vehicles by providing a certain vehicle with as much information as possible about other vehicles and road conditions. Based on the information, certain strategies such as deceleration, routing change, etc., can then be performed by that vehicle to improve traffic safety and enhance efficiency.
Traditionally, we consider four communication subsystems in IVCS. These are inter-vehicle communications (IVC, vehicle-to-vehicle communication) , dedicated short range communications (DSRC, road-to vehicle communications), wide area wireless communications and wireline communications (Tsugawa, 2002; U.S. DOT, 1999) . In this paper, we focus on IVC, which is classified into two sub categories, long distance inter-vehicle communication (LDIVC) and short distance inter-vehicle communication (SDIVC), by its communication range.
To achieve long distance communication, LDIVC uses VHF waves and micro-aves, which are very suitable for vehicle broadcasting due to their omni-directional propagation. General information such as GPS data is exchanged using LDIVC. SDIVC uses infrared and millimetre waves as the information carrier to exchange more specific information, such as route plan.
In this paper we evaluate the effect of IVC on both safety and congestion. The safety issue is studied by treating vehicles individually from the microscopic perspective in a vehicle-based model. To study the effect of IVC on congestion improvement, the transportation system is studied from a macroscopic point in a flow-based model (Ran and Boyce, 1994, 1996) .
Safety improvement with long distance IVC from microscopic view
It is known that each year in the USA, motor vehicle crashes account for a staggering 40,000 deaths, more than three million injuries and over US$130 bn in financial losses (Zador, Krawchuk and Vocas, 2000 . Rear-end collisions constitute about 24% of all accident involving two or more vehicles in the USA (Ayres, Schleuning and Young, 2001) . Crash data collected by the US National Highway Traffic Safety Administration (NHTSA) show that approximately 88% of rear-end collisions are caused by driver inattention and by following too closely (Zador, Krawchuk and Vocas, 2000) . Therefore, in order to avoid rear-end collisions, it is crucial to offer drivers sufficient time for action (Adachi et al., 2002) . It has already been shown and accepted that traffic safety degrades with increasing total delay time (Adachi et al., 2002) .
A number of rear-end collision avoidance systems (RECAS) have been proposed. However, in most of these systems, the driver can receive only the warning information of the danger directly ahead. There is no warning information available for an accident far ahead, which may also lead to serious rear-end collision. LDIVC, which can cover a number of vehicles, is proposed to ensure sufficient reaction time by informing drivers of an accident far ahead.
Various communication cases
In the last few decades several car-following models have been established, such as Modified Pitt's, FRESIM, Pipes's and INTELSIM models Benekohal, 1999, 1998; Pipes, 1953; Khan, Maini and Thanasupsin, 2000) . The INTELSIM model, in which all vehicles are assumed to have the same velocity as the leading vehicle while maintaining a minimum preferred time headway (Pipes, 1953; Komtani and Sasaki, 1958; May, 1990) , is used to evaluate the inter-vehicle communication effect in a steady-state car-following model condition in this work, because other models take the delay time into account to compute the desired headway, while delay time is a criteria for evaluating the effect of IVC on safety.
The preconditions for the equation are as follows: Vehicles are moving in a string as an autonomous traffic flow. The vehicles are numbered as 1, 2,…, N, where vehicle 1 is the leading vehicle and vehicle i + 1 is supposed to follow vehicle i(i = 1, 2,…, N -1), as shown in Figure 1(a) . The distance between two adjacent vehicles is computed according to the INTELSIM model, which can be expressed as:
where d p is the minimum space headway and t p is the preferred time headway (a constant value, independent of velocity) (Khan, Maini and Thanasupsin, 2000) . We assume that each vehicle may choose a time headway, which is normally distributed with certain standard deviation and a mean value of the suggested time headway t p . All vehicles move in platoon in the steady state and share the same maximum deceleration rate, which is determined by the braking limit. Vehicles are moving at a constant deceleration rate or acceleration rate during a constant scanning interval. All vehicles with communicability are assumed to have the same communication range. Vehicles are classified into three sets according to their capability of communication, as given in Table 1 . Therefore, we can define the characteristic function of these sets accordingly, that is χ A (x) of A is defined as that function which take the value 1 for x ∈ A and the value 0 for x ∈ A . Then the relations and operation on sets may be easily expressed by means of characteristics function. Based on the preconditions above, the variables and functions that are necessary in the models are defined in Table 2 . The dynamics of the vehicle can be expressed as follows:
Here, note that only when S i-1 -S i ≤ 0 is satisfied can there be a collision between vehicle i and vehicle i -1. It is also important to note that only when D ij ≤ L, will ad hoc network be able to exist.
Since the composition of the vehicle string will significantly affect the delay time, four cases with different vehicle composition are discussed to derive the equations to compute the delay time for vehicle k to receive vehicle m's warning information (m < k), as shown in Table 3 . Table 3 Vehicles composition
Case No Vehicle Composition
No ad hoc network can be established in this case. In order to characterise the connection between every pair of vehicles, we define the adjacency matrix as follows:
where:
0 vehicle cannot get vehicle 's information 1 vehicle can get vehicle 's information
Note that some entries are assigned to be '1', because vehicles can observe the behaviour of the directly preceding vehicle.
By using Boolean algebra, the nth power of ε can be computed as follows:
With n = k -m, we have ε mk = 1, that is, vehicle m's information can now propagate to vehicle k after a total time:
We shall now consider two situations where the headway is greater or not greater than the communication range.
1 If the headway is not greater than the communication range, i.e. ad hoc network can be established. We define parameter
The adjacency matrix will be as follows:
Note that the adjacency matrix should be symmetrical due to the omni-directional signal propagation in LDIVC. However, the backward information transmission from vehicles to their preceding ones will not help in avoiding rear-end collisions. For simplification, all entries that stand for backward information transmission are assigned to '0'.
The nth power of the adjacency matrix is as follows:
a If k -m < α, i.e., vehicle k is within the communication range of vehicle m, then it can receive the information from vehicle m with no hop. The delay time for vehicle k is its response time only. T total , can be expressed as follows:
Otherwise, additional vehicles are required to form the ad hoc network to convey the information. T total , can now be expressed as follows:
Note here that Equation (11) will yeild Equation (10) when k-m < α.
2 If the headway is greater than the communication range, then no ad hoc network can be established. This yields the same results as Equation (6).
Case 3: χ AUB (x) = 1, ∀ vehicles x ∈ platoon
We shall also consider two situations where the distance between two closest vehicles from set A (L A ) is greater or not greater than the communication range.
1 If L A is not greater than the communication range, then ad hoc network can be established.
L A is related to the communication percentage C per , and can be represented as follows:
Whenever L a ≤ L, the adjacency matrix is then derived as follows: 
where Under this condition:
It is exactly the same as case 2, in which all vehicles ∈ A, given parameter α, the value of T total will be the same as Equation (10).
, there is no other vehicle from set A between vehicle k and m, therefore, the existing ad hoc communication network contributes nothing to the reduction of the T total , the same result as Equation (6).
ii If k -m > β, i.e., there exist other vehicles from set A between vehicle k and m, the existing ad hoc communication network will convey the information for the vehicle k from vehicle m. This will lead to:
where the primary sign function
the above Equation (6) and Equation (17), yield the same results for case 1(b)i, therefore, in both cases the total time can be expressed as Equation (17).
where, N ahead denotes the vehicle number between vehicle k to the closest vehicle ahead from set A, N follow denotes the vehicle number between vehicle m to the closest vehicle follow from set A.
2 If L A is greater than the communication range, no ad hoc network can be established.
This yields the same result as Equation (6).
Case 4:
Similarly we shall consider two situations where L A is greater or not greater than the communication range.
1 If L A is not greater than the communication range, the ad hoc network can be established:
The adjacency matrix can be derived with 
Under this condition: a If χ A (m) = 1, it is similar to the case that χ A (x),∀ vehicles x ∈ platoon, since all the vehicles have the ability to receive. With the given parameter α, β, T total will be computed from Equation (11).
b If χ B (m) = 1, it is similar to the case that χ B (m) · χ A (k) = 1, therefore, the value of the time delay will be expressed using Equation (17).
2 If L A is greater than the communication range, then ad hoc network cannot be fully established.
Algorithm for a unified model
In this section, we will establish a unified model for computing the delay time based on the four cases discussed in Section 2.1. We shall consider three situations, no ad hoc network, ad hoc network cannot be fully established, ad hoc network can be fully established.
1 No ad hoc network can be established, if the distance between two closest vehicles from either set A or set C is greater than the communication range. The delay time can be computed by Equation (6).
2 The ad hoc network will be established, when L A is less than or equal to the communication range.
The adjacency matrix can be expressed as follows: 
where, β i , α c , can be computed from Equation (14) and Equation (15). Here, α c represents the number of the vehicles in set B or in set C between every two vehicles in set A, which depends on related actual distribution of vehicles. Given β i , we can define β = E[β i ] to be the average number of the vehicles in set B or in set C between every two vehicles in set A. In the unified model, it is assumed again that vehicles of set A are normally distributed in the vehicle string: a Since the ad hoc network is fully established, if vehicle m is from set A, T total can always be computed from:
b If vehicle m is not from set A, T total can be computed from: 
3 The ad hoc network cannot be fully established if the distance between two closest vehicles from either set A or set C is less than or equal to the communication range. This situation can be more precisely described as that, L AC < L, where L AC is defined as the average distance between two closest vehicles from either set A or set C:
B per is the percentage of vehicles from set B in all vehicles. Also we define the following variables for the equation 
Simulation based on the proposed algorithm
In this section, the performance of the proposed response time computing equation is examined through the MATLAB computer simulation under the following assumptions and parameters:
The maximum communication range L used in the simulation is 300 m. As pointed out in Section 2.1, speed of vehicles are normally distributed with mean value (speed limit) of V = 20 m/s and standard deviation of 5 m/s. Three kinds of personalities of drivers, called conservative, normal and aggressive, are modelled. The desired vehicle velocity is selected as given in Lei, Redmill and Özguner (2001) and Redmill and Özguner (1999) :
5 Conservative
Speed limit Normal
Speed limit +5 Aggressive
Vehicles with communication capability are normally distributed in the traffic stream corresponding to the certain communication range. The INTELSIM model (Khan, Maini and Thanasupsin, 2000) is used in the simulation with the space headway between the vehicles determined by the preferred time headway, which is computed from the equation Garber and Hoel, 1999) . Here, we assume that the preferred time headway for each vehicle is random and normally distributed with the mean value of 2 sec in free flow and standard deviation of 0.5 sec (Ayres, Schleuning and Young, 2001 ).
To verify the derived equations, INTELSIM model was simulated with different communication percentage. The simulation results were then compared with the delay values calculated from the equations as shown in Figure 2 . The values from derived equation are in excellent agreement with the simulation results from INTELSIM model in most cases. However, when the communication percentage is low, errors are large for the vehicles far away from the initial accident point. The reason account for the large error is that with low communication percentage, the change of position for even one vehicle of Set A will lead to the break of the established ad hoc network. Figure 3 shows the communication percentage effect on delay time with communication range of 300 m. Clearly, with the increase of communication percentage, the delay time drops for each vehicle, Note that when communication percentage increases from 40% to 50%, the reduction of the last vehicle delay time is significant, which is indicative of the establishment of the ad hoc network. Figure 4 shows that when communication range increases, the delay time of the individual vehicle drops. This is because more vehicles are included in one transmission, vehicles will be able to receive the information with fewer hops. This trend is also implied in Equation (11), which has communication range L as the dominator. Communicability effect on individual vehicle is shown in Figure 5 . Vehicles with communicability will be able to receive information faster than those without communicability. Even when the communication percentage is low, the delay time of vehicles with communicability is much less than that of vehicles with no communicability. 
Discussion on shadowing effect of long distance IVC
In case of LDIVC, it is a likely scenario that vehicles exist between the communicating pair and block the communication signal, as shown in Figure 6 . With limited receiver sensitivity, the shadowing effect will result in path loss, which decreases the effective communication range. Consequently, delay time will be increased. Therefore, special care has to be taken of the shadowing effect on IVC. Since the carrier wavelength of LDIVC is in the range of 1 mm to 1 m and smaller than the vehicles sizes (listed in Table 4), the diffraction of the communication signal will occur if there another vehicle exists in the shadow area. As shown in Figure 7 (a), the difference in path length (excess path length) can be computed as given in (Zhang and Bao, 2000; Stuber, 1996) . Table 4 Vehicles parameters
Width (m) Height (m)
Passenger car 2.13 5.79
Single-unit truck 2.59 9.14 Single-unit bus 2.59 12.19
where d 1 , d 2 , h can be computed from the following equation as illustrated in Figure 7 (b), with position data provided in Table 5 : 
Therefore, phase difference will be:
Fresnel-Kirchoff diffraction parameter:
Using the Fresnel integral for receivers in the shadow area (diffraction area), the diffraction gain can be expressed as: 
Congestion improvement with short distance IVC from macroscopic view
The increase in traffic demand, additional traffic volume, along with inefficient operation of highways during periods of high demands lead to more and more congestion on highways (Chen, Jia and Varaiya, 2001) , which now is a worldwide problem. Historically, the problem is solved by building new highways. In recent years, researchers are trying to increase the efficiency of the traffic network so as to increase the throughput of the traffic network; one example is the developing of automatic vehicle control systems (AVCS) (Huang, Ren and Chan, 2000) . IVC plays an important role in AVCS, which relieves the congestion problem and improves efficiency a lot. In this section we would like to evaluate the effect of IVC on congestion improvement. We report on our investigation of throughput as a figure-of-merit of ITS and automatic vehicle control system with short distance IVC from the macroscopic view. The throughput of a single route has been studied previously by several groups and some qualitative study on the throughput has been conducted (Tsao, Hall and Hongola, 1994; Werf et al., 2002; Widodo and Hasewaga, 1999; Hall and Chin, 2002) . However, to the authors' best knowledge, no quantitative study of throughput of traffic network system with multiple primary and secondary routes was conducted, only field measurement has been made. In this work, a set of formulae are derived to compute the throughput of a simplified traffic network which includes a primary route and an alternative route, which is designed to alleviate the congestion for the primary route. SDIVC is used to exchange the information such as route choice and the condition of the routes between the closet adjacent vehicles. Both non-congested and congested cases are studied.
Traffic network flow model description

Traffic network flow model
General traffic network flow model
An example of general traffic network can be depicted as in Figure 9 (a) (Bertsekas and Gallager, 1992) . More than two routes are available for a single origin-destination (O-D) pair W1. However, it is generally difficult to present a precise formula for computing the capacity for the network. Even an approximate one is not easy, since there are more than one alternative routes for a single O-D pair W 1 .
Simplified traffic network flow model
In this work, a simplified traffic network shown in Figure 9 (b), is studied as a basic building block of the general traffic network. In this simplified traffic network, there is only one alternative route (CD-DE) complementary to the primary one (CE). The primary route CE (highway) has a higher capacity with a higher speed limit than the alternative route CD-DE (local). Note a general traffic network with multiple O-D pair and multiple alternative routes can be reduced to this simplified traffic network by a recursive process as shown in Figure 10 . In the simplified traffic network, there exists a fixed input on route CD-DE, which represents the sum of other traffic flows in the traffic network. In general, without any specific limitations, we can reduce the complicated traffic network to this simplified one using recursive process, as shown in Figure 10 . Thus, by carefully studying this simplified traffic network, we can establish a basic element for computing the complicated one.
Route change strategy via short distance IVC
The route change strategy used by a driver depends on its own characteristics, real time travel information and the transportation condition. Considering a driver, with no additional information available, we may call him a non-induced driver.
(An induced driver may be defined as a driver who is able to make his decision based on the real time traffic information at time of setting off and obey the induced information all the way along.) (Xu and Yang, 2002) . He will choose the route according to his general knowledge or experience; we call this route the primary route. This is the route that would be chosen by one's common sense and is thought to be the most efficient way (usually a high capacity route with high speed limit, e.g. highway) to arrive at the destination. It is evident and desirable that the non-induced driver with short distance IVC, while knowing both situation on the two routes, will choose the alternative route based on his perception of congestion on the primary route, as shown in Figure 11 . Generally, if no other limited condition exists, drivers will choose the route which can offer them a high speed. Depending on these characteristics, along with the assumption that the stopped vehicle queues in front of the node, rather than behind it, the route change strategy of the simplified model described above for a non-induced driver can be given in Figure 12 .
Figure 11
Description of route change strategy Figure 12 Routing strategy for non-induced driver
Vehicle dynamics
Implicit in our simplified model of the traffic network for vehicles is the assumption that the statistics of the vehicles entering the model do not change over time, moreover, they gradually reach a same velocity since they are in a platoon and achieve a time headway normally distributed with a mean of preferred one and certain standard deviation. This is a reasonable hypothesis when all the vehicles have already achieved steady state. Though the arrival of the vehicles can be viewed as a Poisson process under the car-following and platoon theory, the vehicles will tend to achieve the same velocity. Furthermore, it has been demonstrated that to optimise highway efficiency, it is desirable to form group platoons, which maximise distance travelled by platoon (Hall and Chin, 2002) .
To simplify the analysis, the assumptions of our model are as follows.
Vehicles are moving in a string. The vehicles are numbered as 1, 2,…, N, where vehicle 1 is the leading vehicle and vehicle i + 1 is supposed to follow vehicle i (i = 1, 2,…, N -1). The dynamic equation for the vehicle exists. All vehicles are assumed to keep a constant desired velocity as moving in platoon in steady state before entering the traffic network.
The capacity of primary route is higher than the one of the alternative route, while the two routes have the same distance. This is a reasonable assumption since route length will only affect the delay time in traversing the link but has nothing to do with the throughput. Based on the above assumptions, the variables and functions that are necessary in the models are defined in Table 6 . Table 6 Variables and functions 
Generally,
( )
The dynamic of the vehicle can be expressed as:
In this work, the longitudinal model of the vehicle is taken as a unity gain first-order linear system with an acceleration limit. The acceleration limits are actually implemented in the vehicle speed regulator (Lei, Redmill and Özguner, 2001) .
Traffic network throughput
Capacity definition and traffic network throughput
In this work, highway network capacity is related to traffic flow. The capacity of the single link is defined as the maximum equivalent hourly rate at which vehicles pass a single lane road without congestion (Garber and Hoel, 1999; Widodo and Hasewaga, 1999) , which can refer to the maximum free flow rate. Free flow stands for little interaction between individual vehicles. For car following models, 6 sec time headway has been used to differentiate free flow from non-free flow (Redmill and Özguner, 1999) . Generally speaking, the speed attained at the maximum free flow rate is the speed limit of the highway, regardless of physical constraint of the road. The throughput of the traffic network system, which includes two single links in this simplified model, is defined as the equivalent hourly rate travel through the end-point of the system. Thus, for the model above, we will have both congestion free and congestion situations (Garber and Hoel, 1999) .
Throughput formula for the traffic network
Now we shall consider both the congestion free and congestion cases.
Congestion-free model
In this study, we focus on the congestion free situation, which means no congestion on the primary route CE. From the following theory and the capacity definition of a single route, we know that if the traffic flow input rate to the route is not larger than the capacity route, then no congestion on the route. In our model, it can be expressed as:
Input rate congestion free on route CE Input rate > congestion happens on route CE
From the route change strategy described in Section 3.1.2, in congestion free case, vehicles entering the system take the primary route to travel through the system. This is the same as one-route system. Vehicle dynamics can be expressed as functions defined in Table 6 . Thus, the throughput of congestion free case can be expressed as:
System throughput = input traffic rate.
Congestion model
If input traffic rate is so high that congestion happens, with the suggested routing strategy, some vehicles will choose the route CD-DE in order to avoid congestion on route CE. At time T, the jth vehicle's route choice (the first vehicle that waits at node A for its route choice) can be expressed as (j > 2):
1 If vehicle's route choice is route CD-DE, vehicle k is the last vehicle that is running on route CE: Vehicles running on the links can never exceed the speed limit of the link regardless of their desired velocity. All the vehicles are supposed to have a maximum acceleration limit 0.07 g (Lei, Redmill and Özguner, 2001 ), but no limit on maximum deceleration for the safe distance between vehicles should be strictly kept all the time. The input vehicle rate from B is fixed, while that from A is varied. The desired space headway can be computed using Equation (34), the capacity of a single route is then calculated as: Figure 13 shows the simulation result of system throughput versus the input rate of the whole system. Three regions are clearly shown in the left graph of this figure, namely, throughput linearly increasing region, congested onset region, post congested region.
Figures 13(b) and (c) clearly show that when the input rate of the traffic flow is less than the capacity of the primary route, all the vehicles go through the primary route. As the input rate of the traffic flow increases beyond the capacity of the primary route, some vehicles use the alternative route to avoid the congested primary route. When the input rate of the traffic flow further increases beyond the critical point, the system throughput drops dramatically to a value and will keep this value with increasing input rate. Note that the maximum throughput of the traffic network system is less than the sum of the two routes capacity. 
Simulation result by VATsim: long distance IVC versus short distance IVC in congestion improvement
Throughput improvement via long distance IVC was also simulated by VATsim, which has been developed for modelling automated vehicles with different sensors and controllers and traffic networks with real-time traffic control and route guidance (Lei, Redmill and Özguner, 2001; Redmill and Özguner, 1999) . VATsim simulates vehicle with movement, such as lane following and changing, vehicle following and intersection stopping. VATsim is also able to evaluate different controllers and sensors for vehicles. VATsim represents traffic networks in detail such that it can also simulate different kinds of traffic flow movement and evaluate the effects of different traffic control methods and routing strategies. Figure 15 shows the system throughput versus. traffic input with different inter-vehicle communication percentage. It is clearly shown that 100% communication does not yield the best result and 40%-60% communication achieves better result than others. This is not surprising, because in case of long distance IVC and 100% vehicles are able to communicate, all the vehicles within the communication range will chose the secondary route to avoid the congestion in the primary route, which in turn, leads to congestion in the secondary route and reduce the system throughput. However, if only 40%-60% vehicles are able to communicate and change to the secondary route, the traffic flow will be well divided into two routes, therefore, better throughput will be achieved. The inferior performance of a vehicle body with 100% communicating vehicles gives rise to an interesting thought. A better LDIVC system should provide each driver with not only the route condition (congested or not), but also information about the route-choice decisions made by other drivers. The driver will then have a more comprehensive information before he/she make his/her own decision. The drivers behaviour may be smoothed out and the traffic shock waves could be eliminated.
In case of short distance IVC, the vehicle can receive the information only from the vehicle right before it, its route choice will depend on the latest situation only, therefore, with more communication, better result can be obtained, as shown in Figure 14 .
Conclusion
In this paper we presented a quantitative study of the IVC effect on transportation system safety and congestion. LDIVC is used to reduce the delay time, hence improve the safety. The derived delay time equation along with the simulation results show that with high communication percentage and large communication range will reduce the delay time. Congestion can be alleviated by using SDIVC. A set of throughput computing formulae is derived by studying a simplified traffic network from a macro view.
